Optic nerve sheath diameter (ONSD) is used for the estimation of intracranial pressure (ICP). But there are still doubts about the quality of the images and the lateral resolution. Our aim is to investigate the system suitability and best lateral resolution of different ultrasound systems for acoustic ONSD measurement. METHODS: First, we calculated the theoretically lateral imaging resolution at increasing frequencies: 6.6, 10, and 15 MHz using two different ultrasound systems. Second, we created two phantoms consisting of copper wires or polyvinylchloride (PVC) strips and tested the best lateral resolution at different frequencies with the two ultrasound systems. Using the same ultrasound systems, we evaluated the anatomy of optic nerve at increasing transmission frequencies. Finally, the two probes were tested in two patients with different neurological conditions affected by an increase of ICP. RESULTS: Theoretical resolutions were .63, .43, and .41 mm, respectively, with a frequency of 6.6, 10, and 15 MHz. We found a similar lateral resolution in both phantoms: copper wire; .56 mm at 6.6 MHz, .46 mm at 10 MHz, and .44 mm at 15 MHz; and PVC strips .6 mm at 6.6 MHz, .47 mm at 10 MHz, and .40 mm at 15 MHz in accordance with experimental resolution. The ONSD thickening could be clearly displayed at frequencies higher than 7.5 MHz using the two linear probes and the two patients with an increase of ICP showed thickening of ONSD. CONCLUSION: According to our study, both systems are suitable for ultrasound OSND measurement.
Introduction
Ultrasonography of the optic nerve sheath diameter (ONSD) is a sensitive, highly accessible, user-friendly, and reliable technique, which can estimate intracranial pressure (ICP) indirectly and noninvasively. 1, 2 The orbital portion of the optic nerve is surrounded by a sheath comprising an outer layer (dura mater) and an inner layer (arachnoid), where cerebrospinal fluid (CSF) circulates. The optic nerve sheath is distensible. Elevation of the ICP augments CSF pressure, producing an enlargement of the ONSD as a fast in vivo response to intracranial hypertension. Several studies have directly correlated ultrasound ONSD measurements with direct ICP measurements. 1, 2 The anterior part of the optic nerve can be visualized by ultrasound posterior to the globe using an axial plane (Fig 1) . ONSD should be measured 3 mm behind the globe in each eye and appears posterior to the globe in an axial plane. 3, 4 The most important limitation of this tool consists of the accurate evaluation of the distinct structures of the optic nerve and its sheath because of the limited lateral resolution and the smallness of the various anatomical structures. Incorrect measurements of these structures could lead to inadequate interventions.
In order to exceed these limits, high-frequency (>7.5 MHz) linear probes should be used to obtain a lateral spatial resolution ࣘ.4 mm, which is adequate enough. 4, 5 Though in theory well understood, only little information on achievable imaging resolution of different ultrasound systems operando is available. 6, 7 The aim of our project is to assess the suitability of two different imaging systems for ultrasonic ONSD measurement. We calculated the theoretically achievable lateral simulation of both imaging systems equipped with high-frequency linear array probes by means of simulating a point scatterer phantom Optic nerve ultrasonography scan. Ultrasonography makes an axial cut through the eye including a longitudinal section of optic nerve: hypoechogenic ocular globe (G) and optic nerve (O). Measurement of optic nerve diameter (OND) and optic nerve sheath diameter (ONSD) 3 mm behind the papilla (1), using an electronic caliper and an axis perpendicular to the optic nerve. OND was measured as the distance inside the pia mater (2-2) and ONSD as the distance inside the dura mater, between the hyperechogenic borders of the optic nerve (3-3).
Fig 2.
(A, B) Sketch of the measurement bodies. Two different materials (copper wire (A) and PVC strips (B)) were used to build the measurement bodies. The wire, respectively, the PVC strips were placed parallel toward each other with a distance (d) ranging from 1 to .3 mm. (C) Complete phantom: The measurement bodies were placed in a container and covered with tissue-mimicking gel. The bodies were 3 cm beneath the surface to have the same depth as in the measurement of the ONSD in the patient. Underneath the bodies was some more tissue-mimicking gel to avoid disturbing reflections.
image and compared the obtained results to experimentally taken image data of both systems from a corresponding custom made scatterer phantom.
Methods

Sonography Measurements of ONSD
The correct way to measure the ONSD is between the outer hyperechogenic borders of the subarachnoidal space. The sonographic aspect of the optic nerve is from center to peripheral: hypoechogenic nerve fibers closely surrounded by the hyperchogenic pia mater; the subarachnoid space appears hyperchogenic due to the trabecular structure and is surrounded by dura mater and periorbital fat (Fig 1) . 8 The lateral imaging resolution of two different ultrasound systems (1) MyLab 25 (Esaote, Genova, Italy) and (2) Logiq E9 (GE Healthcare, Wauwatosa, WI) was determined by numerical simulation and phantom imaging. The systems were equipped with a linear transducer with a transmission frequency selectable between 6.6 and 10.0 MHz (Esaote LA332) and between 4.5 and 15 MHz (Logiq E9 GE Healthcare), respectively.
Numerical Simulation
First, we calculated the achievable lateral imaging resolution of both ultrasound devices by determining the -6dB beam width of a numerically simulated point scatterer image in focal distance. All calculations were performed with the program FIELD in the MATLAB (Mathworks, Natick, MA) environment. 9, 10 The following parameters were used for calculation: (1) MyLab 25 with transducer LA332, 64 channels, 144 elements, .245 mm pitch, 6 mm elevation focus at 30 mm, and center frequencies of 6.6 MHz as well as 10 MHz. (2) Logiq E9 with transducer ML6-15: 64 channels, 672 elements, .0744 mm pitch, 6 mm elevation, focus at 15 mm, and center frequency of 15 MHz. In all simulations, a Hamming apodization was used. The focal depths (30 and 15 mm) and center frequencies correspond with the settings used for the phantom measurements. 
Experimental Assessment
Second, the lateral resolution was determined from ultrasound images of a custom-made wire phantom.
Phantom Preparation
The phantom that was created is a measurement body to determine the lateral resolution of an ultrasound device.
Two types of measurement bodies were produced. One of the bodies was made of two copper wires placed parallel toward each other and the other one was made of two polystyrol polyvinylchloride (PVC) strips placed parallel toward each other. The wires and strips were placed on a PVC plate with a hole diameter of 5 cm. The distance between the two wires (respectively) or the two PVC strips ranged from 1 to .3 mm with an interval of .1 mm (Fig 2) . To verify the distance between the wire or (respectively) the PVC strip, the phantom was reviewed with an optical microscope whether the wire or strips are differentiable as separate structures or not. Both examiners judged independently about the fact of differentiation for each distance. Interobserver agreement for each distance was obtained between the examiners. The measurement bodies were placed inside a plastic box and embedded in a tissue-mimicking gel consisting of agar agar, graphite, and isopropanol. The tissue-mimicking matrix was prepared according to the instructions by Madsen et al 11 (Fig 2) .
Imaging Procedure and Resolution Assessment
Ultrasound images of the phantom were taken with both imaging systems. For the measurements, the ultrasound device MyLab 25 (Esaote) with the probe LA332 (Esaote) was used at a center frequency of 6.6 and 10 MHz and a focus at 30 mm. For the measurements with the ultrasound device Logic E9, the system was used at center frequency of 15 MHz and a focus of 15 mm.
Insonation depth was adjusted at 5 cm. Time gain compensation and image brightness were visually adapted as needed in order to achieve the best image quality. Measurements on both ultrasound systems were performed independently by two experienced sonographers (S.K. and A.A.). For analysis, the image resolution was assessed with the naked eye by determining the smallest distance between the two copper wires, respectively, the two PVC strips when they could be recognized as two separate structures.
Results
Part One (Simulation)
Figures 3A and B show the simulation according to the MyLab 25 system parameters of a point scatterer phantom imaged with center frequencies of 6.6 and 10 MHz. Figures 3C and D show the determined two-way point spread function in focal distance (30 mm) for a frequency of (A) 6.6 MHz and (B) 10 MHz. Marked and measured was the -6 dB width of the point spread function.
The theoretically achievable lateral -6 dB resolution of the MyLab 25 system with the LA332 transducer was theoretically determined to .63 and .43 mm at center frequencies 6.6 and 10 MHz, respectively. Figure 3D shows the simulation according to the Logiq E9 system parameters of a point scatterer phantom imaged with a center frequency of 15 MHz. Figure  3F shows the determined two-way point spread function in focal distance (15 mm) for a frequency of 15 MHz. Marked and measured was the -6 dB width of the point spread function. The theoretically achievable lateral resolution of the Logiq E9 system is .41 mm.
Part Two (Ultrasound Phantom Measurements)
Interobserver agreement for all distances was 100% between both operators.
The measured distances under the microscope for copper wire in the 6.6 and 10 and 15 MHz frequencies and PVC strips are shown in Table 1 .
Results obtained in this study show that with MyLab 25 the copper wire phantom using 10 MHz, the smallest distance in which the two wires could be recognized as two separate structures was .46 mm, and with a rate of 6 MHz the smallest distance was .56 mm (Table 1) .
Whereas in the PVC strip phantom with 10 MHz the smallest distance in which the two wires could be recognized as two separate structures was .47 mm, and with a rate of 6 MHz the smallest distance was .6 mm ( Table 1) .
The performance of the ultrasound system Logiq E9: in the produced images, using a frequency of 15 MHz, the smallest distances in which the two structures could be distinguished were .4 mm in the phantom built of PVC strips and .44 mm in the phantom built of copper wires (Table 1 and Figs 4 and 5) . Figure 6 depicts the ONSD and optic nerve obtained with MyLab 25 at different increasing transmission frequencies. Using lower frequencies, the structure of optic nerve, ONSD, and sheaths are not clearly recognizable, due to an inadequate lateral resolution. 12 In the final part of our experiment, we tested two cases in two distinct neurological diseases with intracranial hypertension by using Logiq E9 and MyLab 25 with the same probes and frequencies used in the experimental study.
Practical Demonstration and Illustrative Cases
The first patient was an 81-year-old man who was admitted to our neurocritical care with a GCS of 3. Cerebral CT-scan showed massive intracranial hemorrhage and indirect finding of elevated ICP. The ONSD was on admission 8.2 mm on the right side and 7.6 on the left side (Fig 7A) .
Of note, Bäuerle et al showed mean ONSD values in healthy individuals between 5.4 ± .6 mm. 3 Relevant intracranial hypertension was documented noninvasively assessed by CT-scan (see picture), with midline shift, obliteration of sulci, and obliteration of the perimesencephalic cistern.
The second patient was a 44-year-old woman, admitted to our neurological department for chronic headache and visual obscurations. On the basis of clinical, radiological, and instrumental criteria, she fulfilled the recently updated criteria of idiopathic intracranial hypertension. 13 Intracranial hypertension was confirmed by the presence of pathologically elevated ICP (>25 mmH 2 O), normal imaging, and normal composition of CSF. 13 High-resolution B scanning showed ONSD enlargement 7.4 mm on the right and 7.2 mm on the left side and bilateral papilledema of .6 mm (Fig 7C) .
Discussion
To the best of our knowledge, this is the first study of determining the lateral resolution of two linear probe imaging systems by simulation and subsequent verification of the calculated values in a phantom project for assessing the suitability for acoustic ONSD.
Although lateral image resolution, ie, image resolution in perpendicular direction to insonation, is well known to be generally poorer than in axial orientation, we did achieve using The direct comparison of the resolution of both imaging systems is limited by the different focal depth of 15 and 30 mm; however, the different parameters were chosen according to the typical settings of the devices in clinical practice. For higher working frequencies (15 MHz), the depth range for optimal image quality is shortened due to the increased ultrasound attenuation.
Our results for determining the lateral resolution correspond very well with the available literature data on the lateral resolution of medical ultrasound devices with values of .6-.3 mm for the frequency range of 5-10 MHz or .7 mm at 6.6 MHz. 6, 7 The results can therefore be regarded as model for future investigations. Three important conclusions can be drawn from our data: first, both sonographers could perform measurements of the phantom. These measurements agreed with simulation of a point scatterer phantom (Figs 3-5) .
Second, considering that, mean ONSD in 40 healthy Caucasian subjects was found to be 5.4 ± .6 mm, with a range of 4.3-7.6 mm; 3 on the basis of the detected lateral resolution, there is a reason to be able to identify the different anatomical structures of the optic nerve. We should only run into difficulties in recognizing a very thin structure: subarachnoid space, whose width is about .3 mm, therefore under the threshold of the lateral resolution of the most probes.
14 From a clinical point of view, it should be mentioned that the subarachnoid space can be distended and can change in appearance when ICP (and hence CSF pressure) is elevated. [15] [16] [17] The arachnoid space can therefore also be recognized under these pathological conditions.
Most of studies indeed documented about 1 mm difference between the ONSD of normal and pathological conditions, where an increase of ICP is assessed. 18, 19 It has been shown that ONSD was significantly higher in traumatic brain injury patients with raised ICP (>20 mmHg; 6.31 ± .50 mm, n = 19) than in traumatic brain injury patients with an ICP of ࣘ20 mmHg (5.29 ± .48 mm). 16 In another chronic increase of ICP, Lochner et al found that ONSD values were significantly higher in idiopathic intracranial hypertension patients (6.50 ± .67 mm) than controls (5.73 ± .66; P < .0001). 17 Third, ultrasonography of the ONSD can be easily performed in B mode using several ultrasound systems equipped with high-frequency linear probes with at least 7.5 MHz, where a lateral spatial resolution should be at least .4 mm.
Dubourg et al examined six studies, which compared the ultrasonography of ONSD with ICP monitoring, using linear probes with a frequency >7.5 MHz. 18 For the detection of raised ICP, the authors found a pooled sensitivity was .90 (95% confidence interval .80-.95; P for heterogeneity, P het = .09). 18 This lateral resolution is sufficient to assess accurately all relevant structure including the optic nerve, the inner and outer hyperechoic layer of the optic nerve sheaths, and the hypoechoic subarachnoid space. 19 High-resolution ultrasound higher than15 MHz could also distinguish even better the structures of the subarachnoid space of the optic nerve (grading the structure of the subarachnoid space) but would have a relatively deep penetration. 3, 20 Subsequently, the same two linear probes, used in the experimental part of our study, have been evaluated in two neurological diseases with evidence of intracranial hypertension. We have shown the ability of these probes to detect a thickening of ONSD using 10 and 15 MHz frequencies, respectively (Fig 7) .
However, we have to take into account that a lot of technological parameters of the ultrasound system (frequency and energy of transmission, length of transmitted pulse, center frequency, bandwidth and selected transmit focal depth quality of transducer acoustic lenses, etc), as well as the characteristics of the insonated structure (composition of tissues with different acoustic impedances, depth of imaging target, etc) may influence the quality of ultrasound image resolution. In conclusion, the best reachable lateral -6 dB resolution of the ultrasound transducer (LA332) was theoretically determined as .43 mm using a center frequency of 10 MHz and of transducer ML6-15 as .41 mm using a center frequency of 15 MHz. The simulated values are in excellent agreement with the ones measured on the phantoms. Both systems seem suitable for acoustic ONSD measurement. Further studies should be performed to provide a clinical validation of these findings.
